Human papillomavirus (HPV) E6 oncoproteins target many cellular proteins for ubiquitin-mediated proteasomal degradation. In the case of p53, this is mediated principally by the E6AP ubiquitin ligase. Several studies have reported that E6 can target certain of its substrates in an apparently E6AP-independent fashion and that several of these substrates vary in the degree to which they are degraded by E6 at different stages of malignancy. To more fully understand the regulation of the E6AP/E6 proteolytic targeting complex, we performed a mass spectroscopic analysis of HPV type 18 (HPV-18) E6 protein complexes and identified the HECT domain-containing ubiquitin ligase EDD as a new HPV-18 E6 binding partner. We show that EDD can interact independently with both E6 and E6AP. Furthermore, EDD appears to regulate E6AP expression levels independently of E6, and loss of EDD stimulates the proteolytic activity of the E6/E6AP complex. Conversely, higher levels of EDD expression protect a number of substrates from E6-induced degradation, partly as a consequence of lower levels of E6 and E6AP expression. Intriguingly, reduction in EDD expression levels in HPV-18-positive HeLa cells enhances cell resistance to apoptotic and growth arrest stimuli. These studies suggest that changes in the levels of EDD expression during different stages of the viral life cycle or during malignancy could have a profound effect upon the ability of E6 to target various substrates for proteolytic degradation and thereby directly influence the development of HPV-induced malignancy.
Human papillomaviruses (HPVs) are small double-stranded DNA viruses that cause hyperproliferative lesions in epithelial tissues, which can lead to malignancy. Persistent infection with high-risk HPV types such as 16 and 18 (HPV-16 and HPV-18, respectively) is the most important factor for cervical cancer development (46) . The oncogenic activity of these HPV types is mediated by the joint action of two viral oncoproteins, E6 and E7. By interacting with cellular proteins that are involved in regulating cell cycle and apoptosis, these oncoproteins can induce cellular immortalization and transformation (26, 31) . E7 interacts with a number of cellular proteins, with its targeting of the pRb family of pocket proteins for proteasomemediated degradation being among the most important (3, 15) . Major activities of the E6 oncoprotein include proteasomemediated degradation of the p53 tumor suppressor (36) and of a number of cellular proteins containing PDZ domains (41) . Thus, an important common feature of the high-risk HPV E6 and E7 proteins is their ability to utilize the proteasome machinery for efficient inactivation of their cellular targets. In the case of E7 this involves the Cul2 complex (19) while E6 is believed to function primarily through the E6AP ubiquitin ligase (20) . E6AP was originally identified due to its requirement for E6-induced degradation of p53 (36) . It is the prototype HECT domain-containing ubiquitin ligase (21) and plays a central role in many of E6's functions, albeit in some unexpected ways. Loss of E6AP appears to mimic loss of E6 in transcriptome analyses of HPV-16-containing cervical tumorderived cell lines, suggesting that the effects of E6 upon the cellular transcriptome require E6AP (23) . However, a number of studies have also shown various degrees of requirement for E6AP in E6's targeting of a number of substrates, including p53 and some PDZ domain-containing targets (6, 28) . One apparent explanation for this is the recent observation that E6AP is required for high levels of E6 expression, with loss of E6AP resulting in enhanced proteasome-mediated degradation of HPV-18 E6 (43) . Finally, a number of studies have also shown that p53 is degraded in vivo by E6 to various degrees, both within cervical lesions (7, 10, 24, 27) and in transgenic mouse models (33) , suggesting that other mechanisms may modulate the E6/E6AP degradation activity. Indeed, a recent study showed that HPV-16 E6 interacts with the deubiquitinating enzyme USP15 (45) , suggesting that E6 interacts with the ubiquitin proteasome machinery in multiple ways.
As part of our studies to more fully understand the regulation of E6 function, we performed proteomic analyses to identify additional interacting partners of HPV-18 E6. In this we identified the HECT domain-containing ligase EDD (5, 32) as a new interacting partner of HPV-18 E6. EDD has been linked to a variety of diseases, including cancer, and gives a neoplastic phenotype in knockout models in Drosophila (17, 30) . We now show that EDD is important in the regulation of E6AP and, consequently, in the control of E6 levels and function.
(HPV-16 positive) cells were transfected using calcium phosphate precipitation (29) or Lipofectamine 2000 (Invitrogen).
Plasmids. Wild-type hemagglutinin (HA)-tagged HPV-18 E6 (HA-18E6) and untagged HPV-18 E6 (in pCDNA-3) have been described previously (12, 43) as have the following: pGWI-HA-Dlg (11), pCDNA3-HA-MAGI-2 (39), pRcCMV-EDD (8), pCDNA-p53 and pCDNA-Flag-p53 (34) , and pCDNA3-E6AP and pCDNA3-E6AP C3A (catalitically inactive mutant) (4) . For expression as glutathione S-transferase (GST) fusion proteins, the following were cloned into pGEX2T: HPV-18 E6, HPV-18 E6* (where E6* is a truncated form of the protein), HPV-16 E6, HPV-11 E6, and E6AP (4, 34, 35, 40) . The GST HPV-18 E6 fusion protein with the mutation I130T [GST-18E6 (I130T)] was generated using a Gene Tailor Mutagenesis kit (Invitrogen). We gratefully thank Giannino Del Sal for providing HA-tagged ubiquitin.
Antibodies. Mouse monoclonal antibodies against HPV-18 E6 (1:1,000; N terminus no. 399) were generated and generously provided by the Arbor Vita Corporation. The following antibodies were also used: anti-HA monoclonal antibody 12CA5 (Roche), anti-␤-galactosidase (Promega), anti-Flag mouse monoclonal antibody M2 (Sigma), mouse anti-p53 DO-1 (Santa Cruz), rabbit anti-p53 (35) , mouse anti-␥-tubulin (Sigma), rabbit anti-␣-actin (Santa Cruz), mouse anti-E6AP (BD Transduction Labs), goat anti-EDD M-19 (Santa Cruz), and appropriate secondary antibodies conjugated to horseradish peroxidase (HRP; Dako), fluorescein, or rhodamine (Molecular Probes).
Fusion protein purification and in vitro binding assays. GST-tagged fusion proteins were expressed and purified as described previously (40) . Proteins were translated in vitro using a Promega TNT kit and radiolabeled with [ . Equal amounts of in vitro translated proteins were added to GST fusion proteins bound to glutathione agarose (Sigma) and incubated for 1 h at 4°C. After extensive washing with phosphate-buffered saline (PBS) containing 0.25% NP-40, the bound proteins were analyzed by SDS-PAGE and autoradiography.
GST pulldowns using cellular extracts were performed by incubating GST fusion proteins immobilized on glutathione agarose with cells extracted in E1A buffer (25 mM HEPES, pH 7.0, 0.1% NP-40, 150 mM NaCl, plus protease inhibitor cocktail set I [Calbiochem]) for 1 h at 4°C on a rotating wheel. After extensive washing, the bound proteins were detected using SDS-PAGE and Western blotting.
Western blotting. Total cellular extracts were prepared by directly lysing cells from 6-cm 2 or 10-cm 2 dishes in SDS lysis buffer, and protein detections were done as described previously (43) .
Immunoprecipitation. For coimmunoprecipitations and mass spectrometry pulldown experiments, HEK293 cells were transfected with the appropriate plasmids. After 24 h cells were extracted in either E1A or mass spectrometry lysis buffer (50 mM HEPES, pH 7.4 [at 4°C], 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 0.25% NP-40), and extracts were incubated with anti-HA beads (Sigma) for 2 to 3 h on a rotating wheel at 4°C. The beads were then extensively washed, dried, and subjected to proteomic analysis (42) .
Half-life experiments. At 72 h posttransfection (see Fig. 6 ), cells were treated for different times, as indicated, with cycloheximide (50 g/ml in dimethyl sulfoxide [DMSO]) to block protein synthesis. DMSO-treated cells were used as the control. Total cellular extracts were analyzed by Western blotting, and the intensity of the bands on the X-ray film was measured using the OptiQuant program. The standard deviation was calculated from three independent assays.
Immunofluorescence and microscopy. Cells were stained and fixed for immunofluorescence as described previously (13) . Secondary anti-rabbit or anti-mouse conjugated with fluorescein or rhodamine was used as appropriate (Molecular Probes); slides were analyzed using a Leica DMLB fluorescence microscope with a Leica photo camera (A01M871016), and the data were collected using a 100ϫ objective oil immersion lens.
siRNA experiments. For transient small interfering RNA (siRNA) experiments, HPV-positive HeLa and CaSKi cells and HPV-negative HT1080 cells were seeded in 6-cm 2 dishes and transfected using Lipofectamine 2000 (Invitrogen) with the following siRNAs: siRNA against luciferase (Dharmacon) as a control, siRNA against HPV-18 E6/E7 (5Ј-CAUUUACCAGCCCGACGAG) (Dharmacon), siRNA against HPV-16 E6/E7 (5Ј-UUAAAUGACAGCUCAG AGG) (Dharmacon), siRNA against E6AP (Dharmacon and Santa Cruz), and siRNA against EDD (Santa Cruz and Dharmacon). For stable knockdown lines, HeLa cells were transfected using Lipofectamine 2000 (Invitrogen) with nonspecific short hairpin RNA (shRNA; OriGene) as a control and shRNA against EDD (OriGene). Cells were maintained in medium containing 200 g/ml puromycin. Cells negative for EDD were isolated, and EDD levels were verified by Western blot analysis.
Cell Synchronization and FACS analysis. To assess G 2 /M phase arrest, HeLa cells were treated with 300 nM nocodazole (Sigma) for 18 h. To induce DNA damage-induced apoptosis, cells were treated with 10 M etoposide (Sigma) for 12 h. Cells were harvested, and DNA content was assessed by propidium iodide staining and fluorescence-activated cell sorter (FACS) analysis as described previously (1) .
RESULTS
EDD is a target of HPV-18 E6. To identify other components of the proteolytic apparatus with which E6 might interact, HEK293 cells were transfected with a plasmid expressing HAtagged HPV-18 E6. After 24 h, extracts were immunoprecipitated with anti-HA antibody, and the complexes were subjected to mass spectrometric analysis. Complexes were compared with pulldowns without E6 and all potentially contaminating hits were excluded. Although a number of novel potential binding partners were found, we focused our attention on those interactions that were potentially associated with the proteasome pathway. E6AP was easily detected in this analysis, and a large number of proteasome subunits were also identified, demonstrating a close association between E6 and the multiprotein complexes of the proteasome. In addition to these subunits, one other ubiquitin ligase was also coimmunoprecipitated with E6, and this was identified as a 300-kDa protein, a hyperplastic discs protein homolog, or EDD. This was intriguing because EDD is a putative tumor suppressor involved in DNA damage signaling (5) and has been shown to function as an E3 HECT domain-containing ubiquitin ligase (5). To verify whether EDD can complex with HPV-18 E6 in vitro and also to determine whether it could interact with E6 proteins from other HPV types, a series of GST pulldown assays were performed. EDD was translated in vitro and incubated with GST-18E6, GST-16E6, GST-11E6, GST-18E6*, or GST alone for control. The result in Fig. 1A shows that HPV-18 E6 binds to EDD much more strongly than either HPV-16 E6 or HPV-11 E6. Since HPV-18E6* binds much more weakly than the full-length HPV-18 E6, this suggests that the principal site of interaction between HPV-18 E6 and EDD is within the carboxy-terminal half of E6.
We then proceeded to confirm that the interaction between E6 and EDD occurs in vivo. Cells were transfected with EDD, together with HA-18E6, HA-MAGI-2, or both, and pulldown assays were performed on the cell extracts. The results in Fig.  1B show that EDD is coimmunoprecipitated with HPV-18 E6, both in the presence and absence of HPV-18 E6's known substrate, MAGI-2, whereas no EDD was immunoprecipitated with MAGI-2 alone or when EDD was overexpressed alone.
EDD inhibits HPV-18 E6 degradation activity. Since EDD has been shown to function as a ubiquitin ligase, it was of interest to investigate the potential role of EDD in E6's degradatory activities. To do this we analyzed whether EDD could affect the ability of E6 to degrade three known substrate proteins in vivo: Dlg, MAGI-2, and p53. In the first set of assays, 293 cells were transfected with Dlg or MAGI-2 in the presence and absence of HPV-18 E6 and exogenously added EDD. The results obtained in the experiment shown in Fig. 2 demonstrate that both Dlg (panel A) and MAGI-2 (panel B) are very efficiently degraded by E6 but that addition of EDD essentially abolishes the activity of E6 with respect to these two substrates.
We then performed a similar analysis on p53 in 293 and H1299 cells (Fig. 2C and D, respectively) . As can be seen, p53 is also rescued from E6-induced degradation in the presence of exogenous EDD, albeit not quite as efficiently in H1299 cells. These effects appear to be specific for E6 since cotransfection of EDD alone with p53, Dlg, or MAGI-2 has no effect on their levels of expression. We also repeated the analysis with HPV-16 E6 and p53, and the results in Fig. 2E show that overexpressed EDD can also rescue p53 from HPV-16 E6-induced degradation. Taken together, these results demonstrate that the effects of EDD in rescuing MAGI-2, Dlg, and p53 from E6-induced degradation are most likely associated with a direct effect on overall E6 function; they are not restricted to a single target protein per se and are not due to a generalized indirect inhibitory effect on the proteasome pathway. Endogenous EDD directly regulates HPV E6 activity in vivo. To investigate the role of EDD in the context of HPV E6 function in cervical tumor-derived cell lines, we performed siRNA EDD silencing in HPV-18-positive HeLa and HPV-16-positive CaSKi cells. Each cell line was transfected with siRNAs directed against EDD, HPV-18 E6 (HeLa), HPV-16 E6 (CaSKi), E6AP, or luciferase as a control. The levels of EDD and p53 expression were then analyzed by Western blotting after 72 h. The results in Fig. 3 show that siRNA directed against either E6 or E6AP results in a marked upregulation in the level of p53 expression ( Fig. 3A and B ), in agreement with previous studies (2, 22, 23, 43) . In contrast, when EDD levels are depleted, there is a striking decrease in the levels of p53 expression in both the HeLa (Fig. 3A) and CaSKi (Fig. 3B) cells. These results show that EDD is a rate-determining factor in the ability of E6 to direct the degradation of p53 in cervical tumor-derived cell lines.
Effects of siRNA EDD depletion on HPV E6 and E6AP in HeLa cells. The above results demonstrate that EDD has a negative effect on the capacity of E6 to direct its substrates for degradation. To investigate the underlying mechanisms, we repeated the siRNA EDD knockdown assays in HeLa cells and assessed the effect upon E6AP and E6 expression levels. Since loss of E6AP can destabilize E6 (43), we also analyzed the effect on E6 levels of a double knockdown of both EDD and E6AP. At 72 h posttransfection, cells were harvested, and cellular lysates were analyzed by Western blotting for HPV-18 E6, E6AP, and tubulin. The results in Fig. 3C confirm that loss of E6AP destabilizes E6 (43) . However, loss of EDD results in a striking increase in the levels of expression of both E6AP and E6. This suggests that EDD can directly affect the levels of E6 and E6AP expression and thereby influence the ability of E6 to direct the degradation of p53 in vivo. Knockdown of EDD in the context of cells lacking E6AP does not result in a significant alteration in the levels of E6 expression, suggesting that EDD does not directly affect E6.
These results suggest that changes in EDD expression levels might be expected to affect the ability of E6 to induce substrate protein degradation and might offer one possible explanation for the variable levels of p53 expression often seen by immunohistochemistry in cell lines and tumors (7, 10, 24, 27) . To investigate this further, we performed immunofluorescence analysis of p53 and EDD in HPV-18-containing HeLa cells. The results shown in Fig. 3D EDD expression correlating with high p53 expression and vice versa. EDD interacts independently with both E6 and E6AP. Since EDD was identified as an E6-interacting protein in a pulldown in which E6AP was also present, we proceeded to determine whether the ability of E6 to interact with EDD was in part dependent on E6AP and, further, whether E6AP itself could also potentially interact with EDD. To do this, EDD was in vitro translated and incubated with GST-18E6, GST-E6AP, and GST alone. The results in Fig. 4A show that EDD binds equally well to both HPV-18 E6 and to E6AP, demonstrating that EDD can interact with E6AP independently of E6.
To determine whether E6 could interact with EDD in the absence of E6AP, we analyzed the ability of a purified GST-E6 fusion protein to pull down EDD from E6AP-positive and E6AP null cells. The results in Fig. 4B show that E6 can bind to EDD in the absence of E6AP and, furthermore, that the presence of E6AP does not affect the amount of EDD bound to E6. We also made use of an E6 mutant (I130T), which has a reduced capacity to interact with E6AP (33) . EDD and E6AP were in vitro translated and incubated with GST-18E6, GST-18E6 (I130T), or GST alone. The results, in Fig. 4C , show that wild-type HPV-18 E6 and the I130T mutant bind EDD similarly. In contrast, there is a much bigger difference in the capacity of the wild-type E6 and the I130T mutant to bind E6AP. This also supports the notion that E6 does not require E6AP for the EDD interaction and furthermore suggests that the binding sites for EDD and E6AP are distinct on E6.
EDD is a direct regulator of E6AP turnover. Since loss of EDD increases E6AP levels in HPV-positive cells (Fig. 3C) , we
FIG. 3. EDD knockdown enhances E6 activity. HeLa cells (A and C) and CaSKi cells (B)
were transfected with siRNAs directed against luciferase (siLuc), EDD (siEDD), E6AP (siE6AP), or HPV-16 E6/E7 or HPV-18 E6/E7 (siE6), alone or in combination with siE6AP and siEDD. After 72 h cells were harvested, and the levels of EDD, p53, E6, and the tubulin loading control were detected by Western blotting. HeLa cells (D) were fixed and probed with goat anti-EDD and rabbit anti-p53 antibodies, followed by rhodamine-conjugated donkey anti-goat (red for EDD) and fluorescein isothiocyanate-conjugated donkey anti-rabbit (green for p53) antibodies. Two different fields are shown (i and ii).
FIG. 4. E6 does not require E6AP to bind EDD. (A)
In vitro translated EDD was incubated with GST, GST-E6AP, and GST-18E6. Bound proteins were assessed by autoradiography, and the input GST fusion proteins were visualized with Coomassie staining (lower panel).
Input EDD (10%) is shown. (B) Extracts of E6AP
Ϫ/Ϫ and 3T3 cells were incubated with GST and GST-18E6 fusion proteins for 2 h at 4°C. Bound proteins were assessed by Western blotting using EDD antibody. The EDD inputs from the cells are also shown. (C) In vitro translated EDD and E6AP were incubated with GST, GST-18E6, and GST-18E6 (I130T). Bound proteins were assessed by autoradiography, and the input GST fusion proteins were visualized with Coomassie staining (lower panel). GST-18 E6 (I130T) binding to EDD is 21% lower than that of wild-type GST-18E6, while GST-18E6 (I130T) binding to E6AP is 77% lower than that of wild-type GST-18E6. Arrows indicate GST fusion proteins.
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on November 13, 2017 by guest http://jvi.asm.org/ then investigated whether EDD could affect E6AP levels in cells that lack HPV sequences. To do this, HPV-negative HT1080 cells were transfected with siRNAs directed against EDD, E6AP, or luciferase. After 72 h the levels of both EDD and E6AP were analyzed by Western blotting. The results in Fig. 5A demonstrate that silencing of EDD in HT1080 cells results in a dramatic upregulation in the levels of E6AP. In contrast, ablation of E6AP expression appears to have no significant effect upon the levels of EDD, and this is consistent with the results in HPV-positive cells. These results suggest that EDD can directly affect the levels of expression of E6AP independently of the presence of HPV E6. Since EDD has been reported to possess ubiquitin ligase activity, we were next interested in determining whether overexpressed EDD can enhance the levels of E6AP ubiquitination. 293 cells were cotransfected with Flag-tagged E6AP, EDD, and HA-tagged ubiquitin expression plasmids. After 24 h the cells were harvested, and complexes were immunoprecipitated using anti-HA-conjugated agarose beads. HAubiquitin-bound E6AP was then detected by Western blotting with anti-Flag antibodies. The results in Fig. 5B show clear coimmunoprecipitation of E6AP with ubiquitin, and this is increased dramatically in the presence of exogenous EDD, suggesting that EDD can also enhance the levels of E6AP ubiquitination.
To verify whether loss of EDD could result in slower E6AP turnover, we performed studies to investigate changes in E6AP half-life in the presence and absence of EDD. Since the E6AP half-life is over 25 h in HPV-negative cells (22; V. Tomaić, personal observation) we used HPV-positive HeLa cells, where E6AP has a half-life of about 7 h (22). Cells were transfected with siRNA directed against either luciferase or EDD, and after 72 h they were treated with cycloheximide to block protein synthesis for different periods of time, after which the cells were harvested, and the levels of E6AP and EDD were determined by Western blotting. The results in Fig. 6A , together with the quantitation from multiple assays in Fig. 6B , show that in control cells E6AP has half-life of 7 to 14 h. In contrast, when EDD is depleted from the cells, the E6AP levels remain relatively stable until the 21-h time point, when they begin to decrease. These results show that silencing EDD in HPVpositive HeLa cells results in a dramatic decrease in E6AP protein turnover and provide an explanation for how changes in EDD levels might affect E6AP activity and, hence, the capacity of E6 to direct the degradation of a variety of different substrate proteins.
Loss of EDD in HPV-positive cells enhances cell survival and aids evasion of checkpoint-activated cell growth arrest.
Since loss of EDD enhances the levels of E6/E6AP expression and consequent p53 degradation, we wanted to address the potential biological consequences for loss of EDD expression in HeLa cells. To do this, we generated HeLa cell lines stably expressing shRNAs against EDD. Cell clones were isolated, and the levels of EDD expression were verified by Western blotting. As can be seen from Fig. 7Ai , cells were obtained that had greatly reduced levels of EDD expression. We then analyzed the capacity of these cells to respond to different forms of checkpoint activation: G 2 /M arrest induced by microtubule disruption with nocodazole (44) and S phase arrest/apoptosis induced by etoposide-induced DNA damage (14) . The results in Fig. 7B , together with the quantitations from multiple assays in Fig. 7C, D , and E, show that both the parental and EDD knockdown cells have relatively similar cell cycle profiles. However, upon treatment with nocodazole, the control cells show a complete G 2 /M arrest while the EDD knockdown cells show a small percentage of cells within the G 1 and S phases. Likewise, following treatment with etoposide, the control cells exhibit a high level of apoptosis, as determined by sub-G 1 DNA content, while the EDD knockdown cells have greatly reduced levels of apoptosis and a correspondingly higher number of cells within the G 1 phase. To determine whether these differences in the response of the EDD knockdown cells were related to differences in the levels of p53 expression, Western blotting was also done to detect p53 and EDD in the control and EDD knockdown cells following exposure to etoposide and nocodazole. The results in Fig. 7Aii show significantly decreased levels of p53 in the EDD knockdown cells, further confirming the results of the transient siRNA experiments and suggesting that the differences in the apoptotic responses of these cells are due to lower levels of p53 expression. It is also interesting that there are lower levels of p53 expression in the control knockdown cells following treatment with nocodazole and etoposide, which is in agreement with previous studies showing enhanced degradation of p53 by E6 following induction of DNA damage response and activation of cell cycle checkpoint pathways (38) . Intriguingly, there is also a significant decrease in the levels of EDD expression in the etoposide treated cells, which also occurs in cells that lack HPV sequences (V. Tomaić, personal observations), suggesting that DNA damage responses result in enhanced EDD turnover. Taken together, these results demonstrate, in the context of HPV-18-positive cervical cancer derived cells, that EDD has a potent tumor suppressor function, most likely through its capacity to affect the activity of E6.
DISCUSSION
Using a proteomic approach, we have identified new components of the ubiquitin proteasome pathway with which HPV-18 E6 interacts. The integrity of the assay was confirmed by the detection of E6AP as a major interacting partner of E6. We also identified a large number of proteasome subunits, suggesting that E6 functions in close proximity to the proteasome complex. We also identified EDD, another HECT domain-containing ubiquitin ligase, as a novel interacting partner of E6. EDD was originally reported to play a critical role in coordinating the balance between cell cycle progression and differentiation (17) , and EDD overexpression has been reported in several cancers, including those of ovary and breast, while truncating mutations have also been found in gastric and colon cancers (8, 30) .
Although alteration in EDD function has been linked to cancer development, there is still little known about the biochemical activities of the protein, and few interacting partners have been reported. Perhaps most significantly from an HPV E6 standpoint, EDD is an E3 ubiquitin ligase HECT-domain containing protein (5) , which has been shown to have the potential to function as an N-recognin in the N-end rule degradatory pathway (37) . Furthermore, EDD has also been implicated in the regulation of several DNA damage response pathways. EDD interacts with and degrades topoisomerase II-binding protein (TopBP1), a protein associated with DNA damage response and cell cycle regulation (18) . In addition, EDD was also reported to be required for optimal CHK2 Thr68 phosphorylation and kinase activity and for enhanced cell survival after DNA damage (16) . More recent studies have suggested that EDD can form a ubiquitin ligase complex with DNA-damage binding protein 1 (DDB1) and Vpr-binding protein (VprBP), known as the EDVP (EDD, DDB1, VprBP) complex. This is dependent on a protein kinase, DYRK2, for its formation, and for the subsequent phosphorylation, ubiquitylation, and degradation of EDVP substrates (25) , which are involved in regulating mitotic progression.
While we found that EDD was bound strongly by HPV-18 E6, only a weak interaction was found with HPV-16 and HPV-11 E6. This suggests that the interaction between E6 and EDD is restricted biochemically to HPV-18 E6, and it will be of interest to determine whether this association confers any unique characteristics to the function of HPV-18 E6. Potential alterations in DNA damage repair pathways are one obvious line of further investigation. It was technically possible that the interaction between E6 and EDD was indirect and that it might be being mediated by E6AP. However, using a non-E6AP binding mutant of E6 and pulldown assays using extracts from E6AP null cells, we were able to show that HPV-18 E6 can interact with EDD in the absence of E6AP.
Although EDD binding is primarily a feature of HPV-18 E6, it is clear that EDD plays a critical role in the normal function of both HPV-16 and HPV-18 E6. Thus, overexpression of EDD impairs the ability of HPV-18 E6 to direct the degradation of different substrates, and there is a correlation between the levels of p53 and EDD expression in HeLa cells, where high levels of EDD correlate with high levels of p53. This provides one possible explanation for the variable degrees to which p53 might be degraded in vivo under different physiological settings (7, 10, 24, 27) and raises the intriguing prospect that EDD might be a rate-limiting factor in the development of cervical cancer. In agreement with this, ablation of EDD expression in both HPV-16-and HPV-18-containing cervical tumor-derived cell lines results in enhanced degradation of p53. This would appear contradictory to the respective capacity of the two E6 proteins to bind EDD; however, the explanation for this is provided by E6AP, where loss of EDD results in a significant increase in the levels of E6AP expression. Based upon studies showing that E6AP is essential for the stability of E6 (43), it is not surprising that this increase in E6AP levels also results in an increase in the levels of HPV-18 E6. This provides a clear mechanistic explanation for the enhanced rates of p53 degradation in cells where EDD expression has been ablated. We also show that the reduction of EDD levels in HeLa cells has significant biological consequences. Previous studies had shown that loss of EDD resulted in an impaired G 2 /M checkpoint arrest in response to DNA damage in HeLa cells (16) . Our studies also show a reduced G 2 /M checkpoint activation in response to microtubule destabilization induced by nocodazole treatment. Most importantly, we also observed significantly reduced levels of apoptosis in cells expressing reduced levels of EDD following induction of DNA damage with etoposide; again, this is consistent with the ability of E6 to enhance p53 degradation. Intriguingly, we found that EDD levels were also lower following treatment with etoposide. This does not seem to be an HPV-related phenomenon since we also observed similar effects in an HPV-negative context. Obviously, further studies are warranted to investigate these aspects further. However, taken together these results would suggest that, in the context of HPV infection, EDD is a potent tumor suppressor protein.
We also showed that EDD can regulate the levels of E6AP expression in the absence of HPV. In addition, in HeLa cells, where E6AP is turned over more rapidly, partly in response to E6 (22) , loss of EDD induces a striking extension of the E6AP half-life from 7 h to 14 h. Whether this degradation of E6AP by EDD is dependent upon EDD's ubiquitination activity remains to be determined. However, E6AP lacks sequences that would suggest susceptibility to the N-end rule pathway of degradation; nonetheless, in transient overexpression assays, we detect significantly increased levels of E6AP ubiquitination when EDD is present. Obviously, further studies are required to elucidate more fully the mechanism by which EDD controls E6AP protein levels. However, this does suggest a possible route for restoring E6AP expression levels under conditions where the E6AP protein expression has been lost in certain disease syndromes (9) .
In summary, we have identified a novel mechanism for regulating the activity of the HPV E6/E6AP ubiquitin ligase complex, whereby alterations in the levels of EDD expression may have a significant impact upon the ability of E6/E6AP to direct the degradation of several cellular substrates, p53 in particular, and thereby affect the capacity of HPV-infected cells to undergo apoptosis or to enter G 2 /M arrest in response to various inhibitory stimuli.
